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Abstract. With the advent of novel and personalized therapeutic approaches for cancer and inflammatory
diseases, there is a growing demand for designing delivery systems that circumvent some of the limitation
with the current therapeutic strategies. Nanoparticle-based delivery of drugs has provided means of
overcoming some of these limitations by ensuring the drug payload is directed to the disease site and
insuring reduced off-target activity. This review highlights the challenges posed by the solid tumor
microenvironment and the systemic limitations for effective chemotherapy. It then assesses the basis of
nanoparticle-based targeting to the tumor tissues, which helps to overcome some of the microenviron-
mental and systemic limitations to therapy. We have extensively focused on some of the tumor multidrug
resistance mechanisms (e.g., hypoxia and aerobic glycolysis) that contribute to the development of
multidrug resistance and how targeted nano-approaches can be adopted to overcome drug resistance.
Finally, we assess the combinatorial approach and how this platform has been used to develop
multifunctional delivery systems for cancer therapy. The review article also focuses on inflammatory
diseases, the biological therapies available for its treatment, and the concept of macrophage
repolarization for the treatment of inflammatory diseases.

KEY WORDS: aerobic glycolysis; hypoxia; inflammatory disease; macrophage repolarization; multidrug
resistance; targeted biological therapies.

INTRODUCTION

Cancer is a disease where cells undergo transformation
to obtain limitless replication, which enables them to prolif-
erate aggressively into a mass of cells. It is a major public
health concern with approximately 1.5 million cases being

diagnosed in 2014 (1). Currently, surgery, chemotherapy, and
radiation therapy continue to be the mainstay for the
treatment of cancer. Recently, there has been a focus on
developing more personalized cancer therapeutic options,
which has led to the development of immunotherapy (2) and
gene therapy (3). Despite the improvements in therapeutic
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RNase, Ribonuclease; RNAi, RNA interference; siRNA, Short
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UC, Ulcerative colitis; VACM-1, Vascular cell adhesion molecule-1;
VEGF, Vascular endothelial growth factor.
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approaches, cancer treatments pose several limitations
including poor pharmacokinetics properties, lack of water
solubility, lower therapeutic indices, and development of
drug resistance, which makes many of the novel ap-
proaches ineffective. Hence delivery strategies are actively
being designed to overcome some of these limitations.
Nanoparticle-based delivery systems have been pursued
for the delivery of therapeutic agents in cancer and
inflammation. Nanoparticles have diameters of less than
100 nm and vary in shape, size, and materials used for
their preparation. In this review, we assess combinatorial
nano-delivery strategies for the treatment of resistant
cancer with an emphasis on the development of multi-
functional nanoparticles for cancer therapy.

Inflammatory disease is another therapeutic area where
the need for an optimal delivery system has been keenly
pursued. Inflammation is a normal immune response, which
occurs following exposure to infection or injury. Following
resolution of the infection or injury, the inflammatory
response subsides and allows the tissue to heal. Inability of
the immune system to control the response leads to the
development of an inflammatory disease. Several therapeutic
strategies are available for the treatment of inflammatory
disease (4,5). In this review, we discuss the role of immune
modulation using targets ranging from antigen-presenting
cells to activated T cells, macrophages, and B cells for the
treatment of inflammatory diseases. Further to this, we also
assess the use of biological therapy for inflammatory disease
and discuss the potential delivery challenges. Finally, we
address the concept of macrophage repolarization strategy for
inflammatory disease with a focus on macrophage polariza-
tion spectrum, repolarization as a strategy for anti-
inflammatory therapy, and macrophage-targeted delivery
systems.

CANCER THERAPY AND DRUG DELIVERY CHAL
LENGES

Solid Tumor and the Microenvironment

Solid tumors consist of cancer cells and stromal cells
(including fibroblasts and inflammatory cells) embedded in an
extracellular matrix and nourished with a vascular network
(6,7). The communication between these cells modulated by
an alteration in the synthesis of growth factors, chemokines,
and adhesion molecules affects the malignant transformation
of cancer cells making them more susceptible to metastasize.
Likewise, the tumor stroma reduces the difference in the
arteriole and venule pressure and increases the geometric
resistance preventing drug delivery within the tumor tissues
(8). Similarly, the aberrantly developed tumor vasculature
also prevents consistent delivery of drugs to the tumor tissue
leading to the development of drug resistance (9). Like
the tumor vasculature, solid tumors often lack or have
fewer functional lymph vessels than normal tissues. This
contributes to an increase in interstitial fluid pressure,
which inhibits the distribution of larger molecules via
convection and further compresses the blood vessels
diverting the blood flow from the tumor core to the
periphery. Thus the poorly developed vasculature, lack of
efficient lymphatic drainage, impaired tumor blood flow,

vascular compression by surrounding cancer cells, and develop-
ment of hypoxic regions limit exposure and penetration of
cytotoxic drugs to the tumor tissue.

Systemic Chemotherapy Delivery Challenges

Despite the solid tumor microenvironmental factors
hindering the delivery of cytotoxic agents to the tumor tissue,
chemotherapy continues to be used as a mainstay for the
treatment of cancer. Following its administration, several
systemic delivery challenges are encountered including inad-
equate oral absorption, increased first pass, or rapid clear-
ance. Apart from the pharmacokinetic challenges, other
factors within the tumor microenvironment can contribute
to increased drug resistance. Hydrophobic cytotoxic drugs are
substrates for ATP-dependent efflux pumps due to which they
often show lower intracellular concentrations (10). Similarly,
some cytotoxic agents show reduced drug uptake thus
exhibiting increased resistance. Apart for modulating intra-
cellular drug uptake, cancer cells often regulate their
endogenous detoxification mechanisms (e.g., CYP450 en-
zymes) to enhance drug clearance thus increasing drug
resistance. Development of drug resistance by these mecha-
nisms also leads to the development of cross-resistance to
other unrelated drugs inducing the development of multidrug
resistance (MDR).

Apart from the pharmacokinetic and MDR-based chal-
lenges to chemotherapy, several on-target and off-target
toxicities are often observed with chemotherapeutic agents
(11). On-target toxicity includes development of adverse
effects due to action of the therapeutic agent on the desired
site including development of a rash or hypertension. These
on-target toxicities are difficult to avoid without affecting
drug potency. On the other hand, off-target toxicity is
observed due to inhibition or effect on unintended sites.
Off-target toxicity can often be overcome by structural design
modulations. Conventional cytotoxic agents such as paclitax-
el, doxorubicin, and etoposide often exhibit off-target effects.
Although targeted therapeutic strategies have been designed,
they are not completely devoid of adverse effects opening the
possibility of designing targeted delivery alternatives.

In search for reducing off-target effects and achieving
personalized anticancer therapy, focus has been on develop-
ing nucleic acid therapies (NAT). Nucleic acids are hydro-
philic, highly negatively charged molecules which enable
sequence-specific targeting of mRNAs thus modulating gene
expression. Short interfering RNA (siRNA) and microRNA
(miRNA) are NATs which had been investigated for cancer
therapy. Naked delivery of these NATs has been limited for
localized ocular therapy (Vitravene® for the treatment of
cytomegalovirus (12), anti-vascular endothelial growth factor
(VEGF) inhibitor (Macugen®) for the treatment of age-
related macular degeneration (13)) and infectious respiratory
disease. Non-carrier-based systemic delivery of NAT is
limited due to poor ribonuclease (RNase) resistance, which
yields a very short half-life (2–6 min), inability to bind
strongly to plasma proteins which limits tissue accumulation,
and rapid clearance through the kidneys due to their small
size. Several nanoparticle-based carrier systems have been
designed to overcome some of these barriers associated with
the delivery of NATs.
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Passive Tumor Targeting

The basis of delivery of nanoparticles to tumor tissue is
broadly classified as passive and active targeting. Passive
targeting of nanoparticles depends on enhanced permeability
and retention (EPR) effect, characterized by greater tumor
accumulation of nanoparticles due to leaky tumor vasculature
and inefficient lymphatic drainage. The EPR effect is
influenced by the size and the surface charge of the
nanoparticle system Nanocarriers in the size range of 10–
100 nm and either slightly positive or negatively charged
typically show improved accumulation at the tumor site after
prolonged circulation (14). The nanoparticles are also surface
coated with polyethylene glycol (PEG) to enhance systemic
circulation. Inclusion of PEG hinders protein adsorption and
recognition by the phagocytic system improving systemic
circulation time. Although passive targeting targets nanopar-
ticles to the tumor tissue, a majority of the dose does not
extravasate to the tumor tissue due to capillary disorder,
blood flow, and rate of lymphatic drainage, which tend to vary
between and within tumor tissues. Extravasation and accu-
mulation also does not mean that successful therapy can be
attained, as the therapeutic payload has to reach the intended
cell, cytosol, or organelle for effective activity.

Active Tumor Targeting

Active targeting of nanoparticles is an approach that
helps to target the nanocarriers specifically to the intended
site post-delivery into the tumor microenvironment. It is
attained by coating the surface of the particles with a ligand
that recognizes a target within the tumor tissue. For successful
targeting, it is critical to use a target which has tumor
specificity, has homogenous expression, and is not shed or
downregulated. The ligand should have stability over the
processing conditions posed during the nanoparticle prepara-
tion process. After administration, the ligand should be
cleared from the systemic circulation and it should not induce
an immune reaction. The nanoparticle surface should have
optimal ligand functionalization to enable binding at multiple
sites on the tumor site. Post binding the ligand should be
internalized and the attached payload should be released
quickly and relatively easily. Following delivery of the drug
payload, the ligand should be metabolized and eliminated
without toxicity.

Types of Targeting Moiety

Targeting of nanoparticles can be achieved by using
various targeting ligands including antibodies, peptides,
nucleic acid aptamers, carbohydrates, and small molecules.
Use of these targeting ligands provides tumor-specific deliv-
ery with reduced localization to the liver and spleen. Despite
the use of targeting ligands, an optimal balance between the
targeting ligand and PEG is critical to achieve effective
targeting while maintaining PEG-mediated stealth effect
preventing premature clearance. Some of the popular recep-
tors of cancer cells, which have been investigated for
nanoparticle targeting, include medium-sized molecules (fo-
late (15,16), galactose (17), aptamers (Pegaptanib) (18),
proteins and peptides (transferrin) (19), and epidermal

growth factor peptide (15) and antibodies (Herceptin
(Trastuzumab) (20), Rituxan (Rituximab)) (21). In our
laboratory, we have developed several EGFR-targeted parti-
cles for pancreatic (22,23), breast (Fig. 1) (24), and ovarian
cancer (15) including several multidrug-resistant cancers.

OVERCOMING TUMOR MULTIDRUG RESISTANCE

Tumor Hypoxia, Aerobic Glycolysis, and MDR

Hypoxia (≤2% oxygen) or severe hypoxia/anoxia
(≤0.02% oxygen) is the reduction of oxygen levels known
to occur with various pathological conditions including
development of solid tumors (25,26). In solid tumors, the
vascular heterogeneity observed with an increase in tumor
size leads to inconsistent distribution of nutrients and oxygen
generating hypoxic areas in the tumor tissue. Presence of
these hypoxic microenvironments is a poor prognostic
indicator due to its effect on drug resistance and malignant
phenotype (Fig. 1) (27). In hypoxia, drug resistance and
malignancy can be attained by direct mechanisms (by
overproduction of nucleophilic substances, decreased gener-
ation of free radicals, and increased production of free radical
scavengers) or indirect mechanisms (pre-DNA-synthetic
arrest, upregulated DNA repair enzyme activity, overproduc-
tion of metallothioneins (28). Hypoxia inducible factors
(HIFs) are DNA-binding transcription factors which associate
with specific nuclear cofactors to activate genes that enable
cancer cells to adapt to compromising condition posed in
hypoxia (29). Upregulation of HIF1-α system at the cellular
level induces a multiphasic response, which affect genes
involved in the glycolytic pathway that promote tumor
angiogenesis, proliferation, and metastasis. Clinically both
HIF-1α and HIF-2α are upregulated in a variety of human
tumors including bladder, breast, colon, glial, hepatocellular,
ovarian, pancreatic, prostate, and renal tumors and their
elevated expression is correlated with poor patient outcome
(30). Experimental alterations of HIF-1α expression has
shown an increase in tumor growth and a loss of HIF activity
has been shown reduced tumor growth, vascularization, and
energy metabolism (31).

Although these mechanisms offer cancer cells a survival
advantage from a metabolic perspective, the fluctuating
oxygen levels in hypoxia would prove lethal to cancer cells
if oxidative phosphorylation (OXPHOS) was used as a
primary source of ATP generation. Hence cancer cells are
programmed to adapt to glycolysis as a major mechanism for
generating ATP. Apart from the role of glycolysis in hypoxia,
cancer cells depend on glycolysis as a primary source of ATP
generation even under aerobic conditions a phenomenon
termed as aerobic glycolysis. Aerobic glycolysis offers cancer
cells several growth and drug resistance advantages. Gener-
ation of bicarbonic and lactic acid as end products of
glycolysis allows cancer cells to sustain a tumor microenvi-
ronment that promotes tumor invasion and suppresses
anticancer immune effectors providing radio and chemother-
apeutic resistance (32). From a therapeutic perspective, effect
of hypoxia and aerobic glycolysis in the survival of cancer
cells offers possibilities of developing therapeutic strategies
that affect key processes in these pathways providing
promising anticancer therapy alternatives.

815Translational Nano-Medicines



Overcoming MDR by Effect on Hypoxia and Inhibition
of Glycolysis

Treatment of hypoxic conditions has been reported by
two independent chemotherapeutic routes; first is use of
bioreductive prodrugs that are selectively activated in the
hypoxic environment and secondly small molecule drugs
against signature molecular targets of hypoxia. Bioreductive
prodrugs are derivatives of five chemical groups (nitro
groups, quinones, aliphatic, or aromatic N-oxides, and
transition metals) that are enzymatically activated under
reducing environment to their active forms. Typically the
non-toxic prodrug is enzymatically converted to free radical
form, which forms superoxide under normoxia regenerating
the original prodrug. Under hypoxic conditions, the free
radical undergoes further reaction to achieve a cytotoxic
form. Several bioreductive drugs under preclinical and clinical
development have been discussed comprehensively in a
recent review (26). Among molecular targets, HIF-1α has

been the most extensively studied in hypoxia primarily due to
its involvement with several hypoxia related as well as
unrelated molecular pathways. Several chemodrug have
understandably been developed to block HIF-1α expression,
transcription, translation, target-binding disruption, and other
associated signaling molecules. With the advent of novel
nanoparticles, several strategies have been reported targeting
hypoxia (33). Thambi et al., have developed a hypoxia-
responsive nanoparticle using 2-nitroimidazole derivative of
carboxymethyl dextran that efficiently delivered the drug
payload to the tumor under hypoxic conditions resulting in
enhanced antitumor activity relative to control animals
treated with saline (34). Yet another report developed pH-
responsive nanoparticles that specifically targeted tumor
in vivo and shed its protective coating when internalized into
the hypoxia environment leading to site-specific payload
delivery (35).

siRNA loaded in block copolymer nanoparticles have
also been successfully delivered to tumors under hypoxic

a

c d

b

Fig. 1. a Tumor MDR mechanisms including hypoxia, aerobic glycolysis, and strategies to overcome resistance using targeted nanoparticle-
based delivery. b MDA-MB-231 estrogen-negative human breast tumor xenograft was established orthotopically in the mammary fat pad of
female athymic (nu/nu) mice using cells cultured under normoxic and hypoxic conditions. At the time of excision, the tumor size was the same
∼100 mm3. c EGFR-targeted nanoparticles showing preferential accumulation in tumor tissue and d the mean weight and volumes of tumors
upon treatment with different formulations on day 28 drug post-administration. The dose of paclitaxel (PTX) was 20 mg/kg and lonidamine
(LON) was 80 mg/kg administered in MDA-MB-231 human breast cancer-bearing female athymic (nu/nu) mice. Reprinted from Milane et al.,
Therapeutic Efficacy and Safety of Paclitaxel/Lonidamine Loaded EGFR-Targeted Nanoparticles for the Treatment of Multidrug-Resistant
Cancer. Plos One. (2011). DOI: 10.1371/journal.pone.0024075
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environment resulting in silencing the expression of HIF-1α
gene, thereby increasing the antitumor efficacy of doxorubicin
drug in prostate cancer xenograft model (36). Similarly,
antisense oligonucleotide inhibition of HIF-1a has shown to
prevent upregulation of P-glycoprotein (PgP) indicating
hypoxia induced PgP is via HRE on MDR-1. RNA interfer-
ence (RNAi)-based inhibition of HIF-1a RNA has shown a
reversal in hypoxia induced cisplatin and doxorubicin resis-
tance. Though these recent reports exhibit promising thera-
peutic efficacy, the true potential of such nanoparticle in
targeting hypoxia are yet to be fully explored.

Similar toHIF-1α downregulation, inhibition of glycolysis as a
therapeutic strategy has been avidly explored for resistance cancer.
Glucose transporter 1 (GLUT1), hexokinase-2 (HK2), glyceralde-
hyde 3-phosphate dehydrogenase (GADPH), phosphofructoki-
nase (PFK), pyruvate kinase isoenzyme M2 (PKM2), and lactate
dehydrogenase A (LDHA) are the popular molecular targets for
development of metabolic inhibitors, though other enzymes have
also been explored. Small molecules such as fasentin, WZB117,
and STF-31 have been assessed as prominent inhibitors ofGLUT1.
Specific targeting of glucose transporters in cancer cells would be a
challenge and hence glucose transporters are now being investigat-
ed as targeting receptors to ferry drug-loaded nanoparticles inside
the cells as also across blood–brain barrier (BBB) (37). Glucose
analogues such as 5-thio-D-glucose (5TDG), 2-deoxy-D-glucose
(2DG), and 2-fluorodeoxyglucose (2FDG)have also been reported
for effective anticancer therapy. 2DGhas also been associated with
abnormal GlcNAcylation of proteins causing ER stress and
rendering cancer cells more sensitive to other anticancer drugs
(38). 3-Bromopyruvate and lonidamine are direct inhibitors of HK
enzyme and are currently studied for preclinical and clinical
application. In our laboratory, we have investigated development
of EGFR-targeted nanoparticles delivery of these particles.
Combination of paclitaxel and lonidamine has shown favorable
biodistribution and significant tumor growth suppression with non-
specific toxicity compared to individual drug-loaded nanoparticles
as well as combination dosed in solution in hypoxia conditioned
breast cancer in vivo (24,39). Other enzymes involved in glycolysis
have also been studied for curbing anticancer therapy and most of
these are in clinical or preclinical stage of development. Among
thesePKM-2has been studied extensively due to its overexpression
in tumors. Novel inhibitors and nucleic acid therapies have been
designed to target PKM-2 to achieve the desired anticancer activity
(40,41). Goldberg et al., screened a library of siPKM-2 and
identified a specific PKM-2 siRNA (si156) which when encapsu-
lated in lipidoid nanoparticles showed tumor regression in HepG2
and SKOV3 xenograft tumor models by inducing cell apoptosis
(42). We have also assessed the combination of siPKM-2 with
siMDR-1 and paclitaxel and have observed significant improve-
ment in antitumor efficacy especially in drug-resistant ovarian
cancer (unpublished). Thus nano-delivery systems offer a viable
and effective therapeutic strategy to revisit some potent inhibitors
of glycolytic pathway or enhance delivery of novel therapeutic
options for the treatment of resistant cancers.

Overcoming MDR by Modulating Apoptotic Genes
and Proteins

ATP mediated efflux pumps is one of the most well
studied mechanism of MDR and several therapeutic strate-
gies using small molecules and biologics have been used to

overcome this resistance (43,44). However drug resistance
attributed to activation of antiapoptotic cellular defense is
also known to lead to drug resistance. Thus modulation of
antiapoptotic genes provides another optimal strategy for
overcoming MDR in tumor cells that do not rely on efflux
pumps for resistance. Cisplatin is a chemotherapeutic
agent known to induce cell death by activation of caspase
that cleaves cellular proteins and subsequently induces
apoptosis. Survivin and bcl-2 are two antiapoptotic genes
overexpressed in non-small cell lung cancer. Overexpres-
sion of bcl-2 is known to delay the onset of apoptosis
induced by several chemotherapeutic drugs. Evidence
reported indicates that downregulation of antiapoptotic
genes such as survivin and bcl-2 can sensitize cancer cells
to anticancer drugs (45,46). We have previously observed
the effect of combining siRNA and cisplatin in CD44-
targeting hyaluronic acid (HA)-based self-assembling nano-
systems reversed drug resistance and delayed the tumor
growth significantly (growth inhibition increased from 30 to
60%) in cisplatin-resistant tumors without indication of
non-specific toxicity (Fig. 2).

An alternative strategy of survivin knockdown was
assessed by delivering antisense survivin oligodeoxynucleotides
(asODN) in polyamidoamine (PAMAM) dendrimer modified
magnetic nanoparticles. The PAMAM component of these
particles protected the asODN from degradation while the
magnetic component enhanced binding, uptake, and provided
an imaging modality (47). In comparison to nanoparticles
conjugated with nonsense (non-complementary to survivin
mRNA) these particles silenced survivin mRNA and protein
expression.

Modulation of MDR by altering cellular apoptotic
mechanism has also been achieved by the coadministration
of ceramide. Ceramide is a signaling agent that affects
differentiation, proliferation, immune response, and apopto-
sis. It is known to affect cellular apoptosis by activating
several apoptotic inducers and also by increasing mitochon-
drial outer membrane permeability that allows the passage of
pro-apoptotic protein release. We have previously investi-
gated polymeric nanoparticle formulation of poly(ethylene
oxide)-poly(epsi lon-caprolactone) (PEO-PCL) to
coadminister ceramide with paclitaxel in MDR human
ovarian cancer cell lines (48). Combination treatment
paclitaxel and ceramide loaded PEO-PCL nanoparticles
increased the cytotoxicity of paclitaxel. Similarly, EGFR-
targeted polymeric nanoparticles when delivered in com-
bination with paclitaxel and lonidamine in an orthotopic
MDR human breast cancer model showed tumor accumulation
within 3 to 4 h, a 5-fold reduced tumor volume compared to
control (Fig. 1) and altered the MDR phenotype of the tumor
xenografts. Thus these novel delivery systems can be used in
combination with conventional therapy to modulate apoptotic
pathways and achieve enhanced anticancer therapy.

Overcoming MDR by Silencing Cell Cycle Checkpoint Genes

RNAi-based therapeutic approach has also been adopted
for silencing several cell cycle checkpoint genes. Polo-like
kinase (Plk-1) is a mitotic cyclin-independent serine-threo-
nine kinase involved in several cell cycle processes. It is
known to be involved in centrosome separation and
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maturation and is known to be a critical regulator of mitotic
progression in mammalian cells. Its expression is upregulated
in pancreatic tumor tissue and it is involved in a wide variety
of cell cycle processes. RNAi mediated depletion of Plk-1 has
been investigated to assess the effect of sensitizing pancreatic
tumor cells to gemcitabine. Yu et al., observed that Plk-1
overexpression was associated with reduced sensitivity to
gemcitabine in pancreatic cells (49). However treatment with
Plk-1 siRNA with subsequent treatment with gemcitabine
dramatically downregulated Plk-1 expression and increased
gemcitabine cytotoxicity in pancreatic tumor cells. Similar
effect of siRNA mediated Plk-1 downregulation was observed
in human prostate cancer (50) and human esophageal cancer
cells (51).

In our laboratory, we also investigated silencing of Mad2,
an essential mitotic checkpoint component required for
accurate chromosome segregation during mitosis. Complete
abolition of mad2 is known to lead to cell death and hence we
developed an EGFR-targeted chitosan system for silencing

the Mad2 gene in human A549 non-small cell lung cancer
cells. These delivery systems showed time-dependent and
selective intracellular internalization of EGFR-targeted nano-
particles compared to non-targeted system with a 5-fold
greater accumulation with the targeted system within 15 min
compared to non-targeted nanoparticles. The targeted nano-
particles showed nearly complete depletion of Mad2 expres-
sion in A549 cells contrasting with the partial depletion in the
non-targeted system. Accordingly, Mad2-silencing-induced
apoptotic cell death was confirmed by cytotoxicity assay and
flow cytometry thus indicating the potential for selective and
effective killing of cancer cells by inhibition of checkpoint
genes (52).

COMBINATORIAL-DESIGNED NANOSYSTEMS
FOR COMBINATION THERAPY

Polymeric-based delivery systems have been investigated
for delivery of small molecules and biologics. Assessment of

a

c

b

d

Fig. 2. a Combinatorial-designed nano-assemblies enabling selection of delivery components to achieve optimal encapsulation efficiency,
minimal toxicity, and desired in vitro and in vivo activity. b Qualitative biodistribution analysis of indocyanine green encapsulated HA-PEI/HA-
PEG nanoparticles in human non-small cell lung cancer A549 and A549DDP (a) and small cell lung cancer H69 and H69AR cells (b) tumor
bearing mice. Free indocyanine green dye was injected as control to see the clearance of dye from the circulation in mice (c). The images have
been acquired using IVIS live imaging station. Reprinted from Ganesh et al., 2013 (c) In vivo Survivin and Bcl-2 Gene Silencing Efficacy in
Mice Bearing A549DDP Cisplatin-Resistant NSCLC Xenografts (d) In vivo antitumor efficacy following combination Gene Silencing and
Cisplatin Efficacy in Mice Bearing A549DDP NSCLC Xenografts
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an individual polymer at a time is a time consuming approach,
which requires a large number of resources for optimization.
This has given rise to a need for comprehensive and highly
flexible platforms that enable selection of promising candi-
dates from a library of compounds to deliver small molecules,
nucleic acids, and proteins.

Cytotoxic Small Molecules

Dextran has been studied as a delivery system using the
combinatorial approach due to its high biocompatibility,
biodegradability, and non-toxicity. The hydroxyl groups on
the polymer backbone make it an ideal candidate for
preparing polymeric nanoparticles using the combinatorial
approach. Application of click synthesis chemistry enabled
the preparation of O-pentynyl dextran, which could be used
as a precursor to yield lipid, thiol, or PEG derivatives of
dextran (53). In an aqueous environment the lipid derivatives
self-assembled to form drug encapsulated nanoparticles. In
these particles, shorter lipid chains showed better encap-
sulation of hydrophilic drugs whereas longer lipid chain
modified dextran particles enhanced encapsulation of
hydrophobic drugs. The stability of these particles was
enhanced by thiol modifications whereas stability and stealth
properties were enhanced by preparation of PEG dextran.

Oligonucleotides (siRNA/microRNA)

Langer lab previously reported parallel synthesis and combi-
natorial design of polymeric material where 7 different diacrylate
monomers were modified with 20 different amine monomers to
provide a library of 140 poly(b-amino ester) (PBAE) which
were assessed for aqueous solubility and subsequent DNA
complexing capability (54). Anderson et al. subsequently
demonstrated the ability of these PBAE derivatives to be
photocrosslinked to manipulate degradation behavior (55).
Greenland et al. then assessed some of these PBAE candidates
and showed improved in vivo transfection efficiency of plasmid
DNA adjuvants for vaccine application (56). Poly[(1,5-
di(acryloxyethoxy)hexane)-co-(4- aminobutanol)] showed a
seven-fold increase in gene expression and a 70% enhancement
in subsequent immune response. This approach was extended
further to develop a large library of lipid-like materials called
Blipidoids^ which used alkyl acrylate (or acrylamides), primary
or secondary amines and these were screened for transfection
efficiency.

Kobayashi et al. extended the application of dextran
nanoparticles for the delivery of siRNA by loading MDR1
siRNA in octylamine-modified dextran, dextran-PEG, and
dextran thiol (44). The nanoparticles were in the size range of
101±3 nm with a zeta potential of −0.22 mV. In vitroMTTassay
in drug-sensitive osteosarcoma and ovarian cancer cells (KHOS
and SKOV3, respectively) showed significantly higher (5–10
fold) dose-dependent antiproliferative activity compared to free
drug in solution and in a liposomal formulation. The improved
toxicity was attributed to better drug delivery characteristics
with the dextran particles. In drug-resistant cell lines, increase in
resistance to free drug treatment and drug loaded in the
liposomal formulations was observed. Similarly, nucleic acid
transfection efficiency of fluorescently labeled MDR1 siRNA
demonstrated uptake of the dextran nanoparticles within 2 h in

drug-resistant KHOSR2 osteosarcoma cells. The enhanced
uptake was translated into significant knockdown of PgP
expression at a protein level confirming successful delivery of
siRNA at its intended site.

HA like dextran is another natural polysaccharide that has
been explored for designing a library of unique polymers using
the combinatorial approach (Fig. 2). Due to its biodegradable,
non-toxic, non-immunogenic, non-inflammatory properties of
HA, its use as a delivery system has been pursued with interest.
In our laboratory, we have reported development of a library of
amine derivatives of HA using EDC/NHS coupling chemistry.
The activated backbone of HA can also be functionalized with
primary monofunctional, bifunctional fatty amines and poly-
amines such as poly(ethylene imine) (PEI) and poly(L-lysine).
Simultaneously, PEG can also be conjugated to attain surface
stabilization and provide stealth effect to the nanoparticles on
systemic administration. We have successfully assessed the
formation of self-assembling nanoparticles using the HA-PEI/
HA-PEG system. In vitro assessment of these nanoparticles has
shown nearly 55% gene silencing, conforming efficient intracel-
lular delivery of the siRNA payload (46). In vivo biodistribution
studies also showed enhanced tumor accumulation (Fig. 2) and
55% SSB downregulation. The effectiveness of these HA-PEI/
HA-PEG-based delivery system in vivo showed nearly 62%
tumor suppression relative to other treatment groups (45)
(Fig. 2). Thus our results withHA-PEI/HA-PEG systems clearly
indicates development of a CD44-targeted delivery systems
which can be modulated to enhance binding to cancer cells thus
improving the performance of the existing drugs as well as drug
delivery systems.

INFLAMMATORY DISEASES AND BIOLOGICAL
THERAPIES

Acute and Chronic Inflammation

Inflammation is the immune response of the body against
infection or injury. Acute inflammation has relatively short
duration (2–3 days) with clinical signs including redness, heat,
pain, and swelling at the site of injury due to the local
responses of immune, vascular, and parenchymal cells (57).
Upon infection or injury, inflammatory responses initiate by
rapid neutrophil invasion due to increased permeability of
blood vessel in the injury tissue, followed by recruitment of
inflammatory cells such as macrophages, dendritic cells, and
fibroblast. This initial inflammatory response becomes ampli-
fied by the overproduction of cytokines and chemokines by
the inflammatory cells (58). The production of anti-
inflammatory cytokines such as interleukin-10 (IL-10) by the
inflammatory cells is then to clear exogenous pathogens,
inflammatory debris, and normalization of tissue structure
and functions (57). However, if the inflammatory response is
deregulated or initial stimulus causing inflammation is not
eradicated, the acute inflammation can progress to chronic
situation.

Chronic inflammation is a long-term reaction to an
inflammatory stimulus which may last for weeks, months, or
years, resulting in tissue damage in various chronic inflam-
matory diseases such as autoimmune diseases, metabolic
disorders such as atherosclerosis and obesity, fibrosis, and
cancer (59). In chronic inflammation, monocyte-derived
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macrophages are continuously recruited to the injury tissues
and release high amount of pro-inflammatory mediators such
as tumor necrosis factor alpha (TNF-α), interleukin-1-beta
(IL-1β), and prostaglandin that sustain the inflammatory
response. Chronic inflammation has been divided into
autoimmune diseases and autoinflammatory diseases (60).
Autoreactive T cells are the main player to induce autoim-
mune diseases such as inflammatory bowel disease, rheuma-
toid arthritis, type I diabetes, psoriasis, lupus, and multiple
sclerosis. In these diseases, autoreactive T cells are expanded
and cannot be controlled by Treg cells. Figure 3 illustrates an
example of disease progression in rheumatoid arthritis.
Various cytokines such as TNF-α, IFN-ɣ, IL-2, IL-12, IL-23,
and IL-17 involve in maintaining autoreactive T cells. On the
contrary, autoinflammatory diseases such as sepsis, gout and
type II diabetes are mediated predominantly by cytokines of
dysfunctional macrophages, particularly IL-1β (60).

Biological Therapy for Inflammatory Diseases

Biological therapy for inflammatory diseases involves
using biological agents such as antibodies and nucleic acids to
upregulate anti-inflammatory cytokines or selectively down-
regulate the inflammatory mediators.

Downregulation of Inflammatory Cytokines

TNF-α is mainly produced by macrophages and T cells and
plays a key role in the pathogenesis of inflammatory bowel disease
(IBD), rheumatoid arthritis (RA), and other autoimmune diseases
(5). In IBD, TNF-α increases pro-inflammatory cytokine produc-
tion, causes barrier alterations, and promotes cell death of intestinal
epithelial cells and Paneth cells (4). In the rheumatoid joints, TNF-
α promotes chemokine production, and expression of cell adhesion
molecules (CAMs) on endothelial cells, facilitating themigration of

Fig. 3. Disease progression in rheumatoid arthritis (RA). a Induction phase: initial activation of the immune system
leads to an inflammatory cascade. b Inflammation phase: self-antigen presentation leads to activation of T cells and
B cells. c Self-perpetuation: cartilage autoantigens activate the immune system against cartilage tissue with
infiltration of pannus into the joints resulting in tissue destruction. d Destruction phase: synovial fibroblasts and
osteoclasts are activated by pro-inflammatory cytokines such as TNF and IL-6. Abbreviations: APC, antigen-
presenting cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; TEFF, effector T cell; TH, helper T
(cell); TH1, type 1 helper T cell; TH17, type 17 helper T cell; TREG, regulatory T cell. Reprinted from Burmester
et al., 2014 with permission from NPG
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inflammatory cells from the circulation into the synovium.
Neutralization of TNF-α with antibodies such as infliximab and
adalimumab has been shown to suppress experimental colitis and
in patients with ulcerative colitis (UC) in both induction and
maintenance therapy (61).

In addition to TNF-α, IL-6 is a cytokine with multifunc-
tions in the pathogenesis of autoimmune diseases. In RA, IL-
6 induces join and cartilage destruction by stimulation of
synoviocyte cell proliferation and osteoclast activation, and
increasing production of MMPs together with IL-1 (62). IL-6
exerts its pro-inflammatory functions by binding to its
receptor (IL-6R); the IL-6/IL-6R acts alone or may bind to
glycoprotein 130 (gp 130) on the membrane to mediate
signaling. Therefore, blockage of IL-6 activity may be
achieved by reducing IL-6 production, blocking IL-6 binding
to its receptor, and blocking the binding of IL-6/IL-6R
complex to gp 130. Tocilizumab is the first monoclonal
antibody against IL-6 signaling by blocking the interaction
of IL-6 with IL-6R which has been shown to be effective for
the treatment of RA, CD, and SLE (63).

Recently, IL-17 has been shown to contribute to the
pathogenesis of IBD and RA. IL-17 acts on various cell types
express IL-17 receptor (IL-17R) on their membrane such as
immune cells, epithelia cells, and fibroblasts (64). IL-17 stimulates
the production of pro-inflammatory cytokines TNF-α, IL-6 and IL-
1β, and chemokines, promoting the recruitment and activation of
neutrophils, lymphocytes, and macrophages, leading to local
inflammation and tissue damages. IL-17 can also induce tissue
injury by upregulating the expression of MMPs. The human anti-
IL17 antibody secukinumab is now entering phase III studies and
shows to be effective in patients with RA (64).

More recently, IL-12 and IL-23 secreted by macrophages
and dendritic cells have been recognized to involve in the
pathogenesis of IBD by promotion of T cell differentiation to
Th1 and Th17 cells which produce IL-17 cytokine. IL-12 and
IL-23 share a common p40 subunit; therefore blocking the
p40 subunit may inhibit both pathways. Neutralizing IL-12
and IL-23 cytokines by antibodies such as ustekinumab and
brikianumab has been demonstrated to be effective in an
experimental colitis model and in clinical trials in IBD
patients, and in TNF-α antagonist-resistant IBD patients (65).

In addition to the use of antibodies for neutralizing pro-
inflammatory cytokines, gene therapy with siRNA and oligonu-
cleotide has recently investigated for treating inflammatory
diseases. siRNA- mediated knockdown of pro-inflammatory
cytokines has proved to be effective in reducing inflammatory
conditions in various experimental models such as collagen-
induced arthritis, dextran sulfate-induced colitis (59). Among
various siRNA downregulating pro-inflammatory cytokines,
TNF-α siRNA-based therapy has been widely used for treating
experimental models of RA and IBD. Electroporation of TNF-
α siRNA significantly reduced joint inflammation in murine
collagen-induced arthritis (CIA) (66).

Overexpression of Regulatory Cytokines

Overexpression of regulatory cytokines is an alternative
strategy for the treatment of inflammatory diseases. Among
regulatory cytokines, IL-4 and IL-10, which are Th2 cell
derive cytokines have received much attention for the
treatment of inflammatory diseases in experimental models.

IL-4 and IL-10 have anti-inflammatory properties by sup-
pressing the production of pro-inflammatory cytokines,
chemokines such as TNF-α and IL-1β, polarizing macrophage
toward an anti-inflammatory M2 phenotype which counter-
acts inflammation via the release of IL-1Ra, IL-10 and TGF-β
and promote wound healing and tissue repair (67).

Plasmid DNA coding IL-10 gene has been a popular choice
for overexpressing IL-10 cytokine in inflamed tissues of experi-
mental IBD and RA. Our group has shown that murine IL-10
expressing plasmid DNA encapsulated in nanoparticles-in-
microspheres oral system (NiMOS) was effective in treating
experimental colitis in mice (68). Likewise, treatment with plasmid
DNA expressing IL-4 significantly reduced the incidence and
severity of CIA (69). In addition, mouse IL-4 plasmid alone or in
combination with mouse IL-10 plasmid have been used to prevent
the development of autoimmune diabetes in non-obese diabetic
mice, and inhibited trinitrobenzenesulfonic acid induced colon
tissue damage (70).

Delivery Challenges in Biological Therapy

TNF-α has been a major target for monoclonal antibody
therapy against inflammatory diseases with current FDA
approval of infliximab, adalimumab, certolizumab pegzol,
and golimumab for the treatment of RA and IBD (59).
Blocking TNF-α receptors reduces inflammation and tissue
damage in IBD and RA, but 40% of patients do not response
to the current anti-TNF therapies (71). Furthermore, many
patients experience symptomatic and functional impairment
due toxicities related to the widespread distribution of the
antibodies in solution dosage form and repeated high doses to
achieve therapeutic concentrations (72). So far, formulations
of the monoclonal antibodies are solutions administered via
invasive systemic routes. The work by Lee et al. is among few
studies that developed a targeted delivery system for a
monoclonal antibody. A stable hyaluronate/gold nanoparti-
cle/tocilizumab (HA-AuNP/TCZ) complex was synthesized
for the successful treatment of RA in mouse model (73).

A gene therapy offers an innovative approach for treating
inflammatory diseases due to its ability to achieve long-term
expression of nucleic acids. However, unlike many proteins or
peptides, nucleic acids have to enter cytoplasm or nucleus to be
effective, resulting in significant delivery challenges. Unprotect-
ed nucleic acids have been reported to undergo rapid degrada-
tion in the circulation by the serum nucleases (74). In addition,
following systemic administration, naked siRNA preferentially
accumulated in kidney and removed by renal excretion due to
its small size compared to glomerular pore size (75). Exogenous
nucleic acids have been reported to induce innate immune
responses via Toll-like receptors (75). Furthermore, the cellular
uptake of nucleic acids is limited due to their high molecular
weight, hydrophilic property, and negative charge (76). Once
taken up by the cells, the endosome entrapment limits the
release of nucleic acids to cytoplasm, which further reduces their
activity. To overcome these challenges, various targeted delivery
systems have been developed for biological therapies of
inflammatory diseases that efficiently stabilize and deliver
the nucleic acids into target cells. Targeted delivery
systems allow specific delivery and sustained release of
biologicals to inflamed tissues, hence enhancing their
efficacy and reducing systemic toxicities.
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MACROPHAGE REPOLARIZATION STRATEGY
FOR INFLAMMATORY DISEASES

Macrophage Polarization Spectrum

Macrophages are cells of the innate immune systems that
play a number of crucial roles in inflammation, including
phagocytosis, antigen presentation, and modulation of the
immune response by releasing various cytokines and
chemokines (77). Macrophages originate from bone marrow
stem cells which develop into circulating monocytes, followed
by regulated migration into different tissues where they
differentiate into resident tissue macrophages (77). Tissue-
resident macrophages are able to rapid change their pheno-
type associated with morphologic, functional, and biochemi-
cal changes in response to local environment stimuli (78).
Macrophages can be classified as Bclassically activated^ or
pro-inflammatory M1 phenotype, and Balternatively
activated^ or anti-inflammatory M2 phenotype (Fig. 4). The
M1 phenotype is induced upon stimulation with IFN-γ alone
or in combination with bacterial lipopolysaccharide (LPS),

while stimulation with IL-4/IL-13, and IL-10/TGF-β results in
the M2 phenotype (79). Each phenotype of macrophages
shows typical expression profiles of surface markers as well as
cytokines and chemokines. The M1 phenotype produces high
level of pro-inflammatory cytokines such as TNF-α, IL-1, IL-
6, IL-12, inducible nitric oxide synthase (iNOS), promotes
Th1 and Th17 responses, and induces strong microbicidal and
tumoricidal activity, thereby increasing inflammatory re-
sponse. On the contrary, M2 macrophages produce high level
of anti-inflammatory cytokines, such as IL-4 and IL-10,
upregulate mannose receptors (CD206), arginase (Arg), and
decrease the production of iNOS enzyme (80). M2 macro-
phages have immunosuppressive functions and are involved
in pathogen clearance, alleviating inflammation, tissue repair
and remodeling. Once polarized, M1 and M2 phenotype can
switch the polarity upon exposure to the induction signals of
opposite phenotype (81). This plasticity is a protective
mechanism against infection or injury.

Upon infection or injury, circulating monocytes are
recruited and transformed to M1 phenotype due to the
presence of inflammatory stimuli in the injury tissue. In

M1 macrophages

M2a macrophages

M2c macrophages

Fig. 4. Macrophage polarization upon exposure to different stimuli. M1 macrophages are
induced in response to IFN-γ, which can be produced by T helper 1 (TH1) cells or natural
killer (NK) cells, and tumor necrosis factor (TNF), which is produced by antigen-presenting
cells (APCs). M2a macrophages arise in response to interleukin-4 (IL-4), which can be
produced by TH2 cells or granulocytes. M2c macrophages are generated in response to
various stimuli, including immune complexes, prostaglandins, G-protein coupled receptor
(GPCR) ligands, glucocorticoids, apoptotic cells, or IL-10. TLR Toll-like receptor.
Reprinted from Mosser and Edwards, 2008 with permission from NPG
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normal inflammation, the initial M1 phenotype changes to the
anti-inflammatory M2 phenotype that serves to resolve the
inflammation. However, in inflammatory diseases, the mac-
rophage polarization is dysregulated and M1phenotype fail to
return to M2 phenotypes (82). Therefore, modulation of
macrophage polarization from an M1 to M2 state may be
promising for the treatment of inflammatory diseases.

M1-to-M2 Repolarization as an Anti-Inflammatory
Therapeutic Strategy

In recent years, emerging evidence has showed the
involvement of various transcriptional pathways in macro-
phage polarization. Activation of NF-κB, AP-1, CCAAT/
enhancer-binding protein α (C/EBP-α), PU.1 and IFN-
regulatory factor 5 (IRF5) induced M1 activation, whereas
stimulation of signal transducer and activator of transcription
6 (STAT6), PPAR-γ, IRF4, C/EBP-β, and Kruppel-like factor
4 (KLF4) polarized macrophages to the M2 phenotype (83).
With insight into the transcriptional factors governing mac-
rophage polarization and function, it is feasible to modulate
macrophage phenotypes toward an anti-inflammatory pheno-
type. For example, IRF5 highly expressed in infarct macro-
phages during inflammation (M1) whereas its expression
decreased during would healing process. silencing IRF5 by
siRNA has been reported to suppress inflammatory M1
macrophages, supported resolution of inflammation, and
infarct healing (84).

Recently, miRNAs, non-coding RNAs of 18–25 nucleo-
tides, have emerged as novel regulators of immune responses
in cancers, inflammatory, and autoimmune diseases. In
addition, miRNAs have been reported to regulate macro-
phage polarization. Among various miRNAs, miR-124 has
been reported to polarize macrophages toward the M2
phenotype (85). Overexpression of miR-124 in macrophages
decreased expression of MHC class II and CD86 (M1
markers) and upregulation of Fizz1 and Arg1 (M2 markers).
However, expression of miR-124 in microglia does not
depend on IL-4 and/or IL-13 pathway, whereas miR-124
expression in lung macrophages was IL-4 and IL-13-depen-
dent. Upregulation of several M2 markers and downregula-
tion of the M1 markers in M2-polarized macrophages was
absent by transfecting the macrophages with a miR-124
inhibitor (85,86).

miR-223 is another miRNA that regulates M2 macro-
phage activation (87). Expression of miR-223 which highly
enriched in bone marrow-derived macrophages and macro-
phages isolated from adipose tissue was dramatically in-
creased in response to IL-4 but significantly decreased upon
stimulation with LPS (88). Depletion of miR-223 in macro-
phages promotes M1 macrophage polarization and
upregulates pro-inflammatory cytokines, such as TNF-α, IL-
6, and IL-1β, which subsequently elevates the inflammation in
adipose tissues. In contrast, the expression of Arg1, a marker
for M2 macrophages, was diminished in miR-223-deficient
macrophages (87). Likewise, Banerjee et al. reported that
miR-let-7c and miR-125a-5p play important role in suppress-
ing M1 macrophages while promoting M2 activation. These
miRNAs are expressed at a higher level in M-BMM (M2
macrophages) than in GM-BMM (M1 macrophages). Over-
expression of miR-let-7c and miR-125a-5p in GM-BMM

diminished M1 phenotype induced by LPS but promoted
M2 polarization by IL-4. In contrast, downregulation of miR-
let-7c and miR-125a-5p in M-BMM promoted M1 polariza-
tion, and suppressed M2 phenotype expression. Furthermore,
miR-let-7c and miR-125a-5p regulated bactericidal and
phagocytic activities of macrophages. Increasing miR-let-7c
and miR-125a-5p level diminished the bactericidal activity of
macrophages while enhancing the phagocytic activity to
ingest apoptotic cells. In contrast, knockdown of miR-let-7c
and miR-125a-5p in M-BMM decreased their ability to
phagocytosis (89,90). Although, mainly focusing on cultured
macrophages, these studies suggest that polarization of
macrophages by gene therapy based on miR-223, miR-124,
miR-125a-5p, and miR-let 7c may be a promising strategy for
the treatment of inflammatory diseases.

Macrophage-Targeted Delivery Systems

Similar to cancers, inflamed tissues have leakage vascu-
lature and overexpression of surface markers that can be
exploited to engineer targeted delivery systems via passive
targeting and active targeting. Vascular leakage is caused by
the contraction of endothelial cells lining the arterioles and
capillaries supplying the inflamed tissue due to the high
expression of histamine, bradykinin, leukotrienes, and other
mediators in the inflammatory state (91). Therefore, nano-
particles can extravasate into these interstitial spaces and be
retained at the site of inflammation by the EPR effect (92).

Active targeting systems can be achieved by surface
decoration of the nanoparticles with a targeting ligand that
selectively interacts with target receptors on the surface of
macrophages. Exploiting high expression of mannose and
galactose receptors on the membrane of macrophages,
various delivery systems have been modified with mannose-
containing polymers to achieve enhanced uptake in macro-
phages, especially in M2 macrophages where mannose
receptors are upregulated (93). For example, mannose-
modified trimethyl chitosan-cysteine (MTC) conjugate nano-
particles have been developed for targeting TNF-α to
macrophages via oral delivery (94). Oral administration of
MTC NPs containing low amount of TNF-α siRNA (3.75 nM/
kg) increased siRNA distribution to various organs including
intestine and plasma compared to naked siRNA which
inhibited systemic TNF-α production, and protected mice
with acute hepatic injury from liver damage (94).

Dectin-1 receptor expressed in macrophages is essential
for the phagocytosis of yeast through the recognition of β-
glucans, a cellular component of yeast. Aouadi et al. have
described the use of β1,3-D-glucan-encapsulated siRNA
particles (GeRPs) generated from baker’s yeast as effi-
cient oral delivery vehicles to target β-glucan receptor
overexpressed in inflamed macrophages (95). siRNA
silencing TNF-α encapsulated in GeRPs showed extensive
phagocytosis and efficient gene silencing in primary
macrophages. GeRPs containing low dose of 20 μg kg−1

siRNA was effective in silencing TNF-α in mouse macro-
phages in vivo following oral administration.

Folate receptor (FR) has been reported to express on the
surface of M1 macrophages residing in the synovial fluid of
RA which allows targeting these cells by folic acid-modified
nanoparticles. Folate-conjugated chitosan has been designed
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for the delivery of plasmid DNA enconding IL-1R antagonist
(IL-1Ra) in arthritic rats. Folate-targeted system significantly
improved the transfection efficiency in FR-positive articular
macrophages (96). Importantly, the targeted nanoparticles
released IL-1Ra in a sustained manner in the serum for
10 days and significantly downregulated TNF-α and IL-1β
providing protection against inflammatory bone resorption
following intravenous administration.

In addition to actively targeting macrophages, targeting
vascular endothelium may be useful for limitation of leuko-
cyte recruitment and infiltration into the affected tissues in
inflammatory. Leukocytes are recruited to the inflamed tissue
by CAM containing three members including P-selectin, E-
selectin and L-selectin (97). Kowalski et al. developed novel
liposomes called SAINT-O-Somes for targeting siRNA to
vascular cell adhesion molecule-1 (VCAM-1) or E-selectin
which are overexpressed during inflammation (98). The
liposomes modified with antibodies specific for E-selectin or
VCAM-1 have shown higher release of siRNA in endothelial
cells compared to conventional liposomes. Moreover, VE-
cadherin-specific siRNA encapsulated in SAINT-O-Somes
can be successfully delivered into inflamed endothelial cells
and significantly downregulated VCAM-1.

Illustrative Examples of Macrophage Repolarization
with Targeted Delivery

IL-10 has been reported to polarize macrophages toward
an anti-inflammatory M2 phenotype (67). Therefore, gene
therapy based on plasmid DNA encoding IL-10 may be
potential for M1-to-M2 macrophage repolarization.

Our group has developed NiMOS for delivery of plasmid
DNA (pDNA) expressing IL-10 in a TNBS-induced acute
colitis mice model. The NiMOS delivery system is composed
of pDNA-encapsulated gelatin nanoparticles entrapped in a
poly(epsilon-caprolactone) (PCL) microsphere. Since PCL is
remained intact in the stomach but degraded by abundant
lipases in the small and large intestine, NiMOS can protect
DNA in the stomach and release the DNA-encapsulated
nanoparticles specifically to the site of inflammation once the
PCL matrix is degraded. The released plasmid DNA-
encapsulated gelatin nanoparticles can then be taken up by
the enterocytes for delivery of the plasmid DNA. The
overexpression of the IL-10 gene upon oral administration
of NiMOS could successfully suppress the expression of pro-
inflammatory cytokines in vivo including IFN-γ, TNF-α, IL-
1α, IL-1β, and IL-12, resulting in reversal of experimental
colitis (68).

Our group has recently reported nanoparticles-in-
emulsions (NiE) system, which is comprised of gelatin
nanoparticles encapsulated within a water-in-oil-in-water
multiple emulsion, and tuftsin-modified alginate nanoparticles
for macrophage-targeted delivery of plasmid DNA expressing
mIL-10. J774A.1 cells treated with the NiE formulation or
tuftsin-modified alginate nanoparticles containing plasmid
DNA expressing mIL-10 showed higher expression of IL-10
compared to control nanoparticles or pDNA complexed with
Lipofectamine. The overexpression of IL-10 by NiE or
tuftsin-modified nanoparticles showed efficient anti-
inflammatory effects in J774A.1 cell by significantly reducing
the levels of TNF-α and IL-1β produced in LPS-stimulated

cells, indicating a promising strategy for the treatment of
inflammatory diseases (99,100).

Even though these studies showed overexpression of IL-
10 (M2 cytokine) which suppressed expression of TNF-α and
IL-1β (M1 cytokines), more M1 and M2 markers such as
surface markers need to be investigated to show full spectrum
of M1-to-M2 macrophage repolarization by targeted delivery
systems. So far, there has no targeted delivery system
available for repolarization of macrophages toward anti-
inflammatory M2 phenotype by gene therapy.

CONCLUSIONS

Despite the advances in the availability of therapies for
resistant cancers and inflammatory diseases, there is a
significant need to facilitate clinical translation of advances
in molecular medicine into effective disease diagnosis and
therapeutic strategies. Nanotechnology has an important role
to play in disease diagnosis, imaging, and therapy and
potentially may advance personalized medicine. Several
targeting strategies have been adopted to modify these
nanoparticles for anticancer or anti-inflammatory therapy.
The focus of these delivery systems is on solving important
medical problems with innovative solutions that use inexpen-
sive and safe materials, as well as, scalable fabrication
methods so that these promising experimental technologies
are realized in the clinic in the near future.
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